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ABSTRACT 
 
Collecting very large amount of data from experimental multiphase measurement is a common practice 
in almost every scientific domain. There is a great need to have specific techniques capable of extracting 
synthetic information, which is essential to understand and model the specific flow phenomena. The 
intention of developing a method for recognition of flow regime using decomposition mathematical 
technique comes from the fact that each regime is characterised by typical dynamic behaviour. To 
recognise the flow dynamic structures, means indeed the recognition of the prevalent regime moreover 
indicates the actual flow conditions of the monitored area. The direct approach of Proper Orthogonal 
Decomposition (POD) as introduced by Lumley and the Linear Stochastic Estimation (LSE) as 
introduced by Adrian are used to identify typical multiphase flow instability. The present approach of 
statistical data-analysis extends the current evaluation procedure of Electrical Impedance Tomography 
(EIT) applied on air-water flow measurement. Wavelet Transformation and Kalman Filtering was used 
as complementary techniques for motion of fluid and flow structures detection and decomposed EIT 
signal similarity estimation. The paper demonstrates the capability of EIT measurement techniques 
combined with POD/LSE post-processing for studying annular flow patterns in vertical and horizontal 
pipeline. 
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1 INTRODUCTION  
 
1.1 Flow classification and applications 
 
Considering a gas-liquid two phase flow (Thomas et al., 2013), the liquid and gas are regarded as the 
continuous and dispersed phases respectively. Gas-liquid flows are commonly observed in many 
industrial processes such as oil and gas (Freese 2006), chemical and pharmaceutical (Holland 1995), 
transportation and nuclear industries (Lavicka 2013). The relative distribution of the gas and liquid 
phases can take many different configurations depending on the process conditions, such as the flow 
rates of the gas and liquid. The configuration of the gas and liquid phases is known as the flow regime.  
The flow regime describes the pattern of the inner structure of the flow and important hydrodynamic 
features such as volume fraction, phase and velocity distributions. Two-phase flow regimes are often 
determined subjectively using direct methods such as the eyeballing method, high-speed photography 
method and the radioactive attenuation method. Empirical flow regime maps such as the Baker chart 
(Baker 1954) are commonly used for approximate and rapid identification of the flow regime under 
specific operating conditions. However, due to their approximate and subjective nature these techniques 
are not able to identify the prevalent multiphase flow regime with the required degree of accuracy. 
Statistical analysis of the signal has also been used for identification of flow regimes (Faraj 2015)  
 
1.2 Flow pattern estimation 
 
The prediction of flow patterns for fully developed gas-liquid flows typically employs mechanistic models 
that use different pressure drop and void fraction estimation procedures for each flow pattern (Hewitt 
1969). Accurate prediction of heat transfer, void fraction and pressure drop in gas-liquid flow is important 
in the design and optimisation of the unit operations dealing with such systems (Jassim 2006). Therefore 
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different flow regimes require specific modelling equations to predict their respective transfer properties 
(Bertola 2013). 
Hence in order to produce a reliable design for a multiphase system it is imperative to be able to 
accurately determine the prevalent flow regime. In the recognition of the prevalent flow pattern one must 
consider the relative quantities of the phases and the topology of their interfaces. In two phase flow 
many other flow regimes are possible such as; stratified flow, bubbly flow, slug flow, plug flow and 
annular flow among others. The flow regime that is active depends on a number of factors; the fluid 
transport and material properties, flow rates, flow direction  (co-current or counter-current), the shape 
and size of the conduit and the orientation (horizontal or vertical)  (Kleinstreuer 2003). Considering the 
orientation of the flow, due to differences in the densities of the phases, vertical flow patterns are different 
to those obtained in horizontal flow. An intrinsic difference between the two orientations is that horizontal 
flow patterns are generally not axisymmetric. This study focuses on horizontal and vertical gas-liquid 
annular flow in cylindrical pipes.  
 
2 EXPERIMENTAL INVESTIGATION 
 
2.1 Gas-liquid test ring 
 
The experiments were carried out in a flow loop built at the University of Leeds with a 3.0 m long, 50 
mm internal diameter, transparent, vertical and horizontal working section, which is shown in the Figure 
1 and described on the Table 1.  
 
Figure 1. The scheme of updated air-water experimental loop, laboratory of University of Leeds 
 
Table 1.  Air-water loop description 
Label Specification Technical parameters 
V Valves - 
C1 Compressor 6 Bar 
B1 Centrifugal blower 150 m3/h , 30 kPa 
W1 Water tank 200 l 
P1
 
Primary pump 1 m/s 
P2 Secondary pump 0.15 m/s 
FM1 Primary air flow meter Electromagnetic , 10 m/s 
FM2 Secondary Water flow meter Rotometer, 1 m/s 
FM3 Secondary air flow meter  Rotometer, 130 m3/h 
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Air was introduced into the base of the working section via a central tube inside a Y tee. A thermometer 
was used to provide continuous monitoring of the water temperature. Two differential pressure sensors 
for measuring the differential pressure drop were placed along the column at around 2.5 m above the 
air distributor. The water volumetric flow rate Qwater, varying from 0 to 1.94×10í3 m3/s and the primary 
air volumetric flow rate Qair, varying from 0 to 1.67×10í4 m3/s and the secondary air volumetric flow rate 
Qair, varying from 0 to 3.75×10í2 m3/s were measured separately through a electromagnetic flowmeter, 
and a gas flow controller before they were mixed together. An EIT sensor with 16 electrodes was 
mounted in the inner wall of the pipeline. The electrodes were made of stainless steel with a contact 
area of 8 mm (width) by 16 mm (height). The data collection rate was 1000 frames/s with an excitation 
signal frequency of 10.0 kHz. 
 
Figure 2. The working area of laboratory air-water loop, vertical flow patterns (top), horizontal flow patterns (bottom), 
measurement points 1 (10 m/s), 2 (15 m/s) and 3 (19 m/s) 
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The air-water loop capability of flow patterns achievement is shown on the Figure 2. Vertical (Hewitt 
1969) and horizontal (Baker 1954) flow maps was used for demonstration. Red area, original working 
flow conditions (Ramskill 2010) was extended by bleu area, device reconfiguration (Polansky 2015). In 
vertical pipeline is possible to simulate Slug, Churn and annular flow patterns, in horizontal pipeline 
Stratified, Wavy, Plug, Slug and Annular flow patterns. The Figure 2 shows 6 annular flow measurement 
points for both pipeline direction, 3 vertical (top) and 3 horizontal (bottom). The flow conditions, including 
corresponding Reynolds and Froude numbers, are presented on the Table 2. 
 
Table 2.  Specification of measuring points 
Sensor 
position, 
variant no. 
Gas superficial 
velocity 
[m/s] 
Liquid superficial 
velocity 
[m/s] 
ReGas 
 
[-] 
ReLiquid 
 
[-] 
FrGas 
 
[-] 
Vertical 1 10.1 0.12 2x104 5.0x103 - 
Vertical 2 15.0 0.16 3x104 6.6x103 - 
Vertical 3 19.1 0.18 4x104 7.5x103 - 
Horizontal 1 10.1 0.12 2x104 5.0x103 2.4 
Horizontal 2
 
15.0 0.16 3x104 6.6x103 3.6 
Horizontal 3 19.1 0.18 4x104 7.5x103 4.8 
 
3 RESULTS ANALYSES 
 
3.1 Annular flow observation 
 
In the annular pattern, part of the liquid flows as a film along the wall and part flows as drops entrained 
in the gas. The interfacial stress varies with the flow rate of the film. Thus, the pressure gradient depends 
on the fraction of the liquid flow entrained as drops in the gas. A predictive approach is to view as 
resulting from a balance between the rate of atomization of the liquid film and the rate of deposition of 
drops. Thus, measurements of film are a priority. A knowledge of drop size is of importance since it is 
needed to predict drop turbulence and the influence of gravity on the motion of drops. 
The estimation of annular flow, the initiation of atomization is based on the properties of waves at the 
interface measurement, the interfacial stress and the water film thickness prediction. 
The droplets size and behaviour in the core is not available via EIT techniques due to the low-conductive 
environment shielding, the concentration tomography shows the high capability of water film thickness 
and flow instability studying.  
The 16 electrodes sensors are connected with fast impedance camera system EIT techniques and 
synchronise with the slow motion camera (500 frames per second). The photography of water film 
instability for different vertical flow conditions is obvious on Figure 3. Photography shows different film 
behaviour caused by different water velocity. The mechanisms is known as Rayleigh-Taylor instabilities 
(Yadigaroglu 2015).  
 
3.2 POD analyses 
 
Different flow conditions can be characterised through different structure of flow dynamics. In other 
words, each mode of POD can be used to represent the prevalent annular flow regime within the 
pipeline, as shown in Figure 4 vertical flow and Figure 5 horizontal flow. The estimation of the first 
dominant basic functions enables, with certain probability, the recognition of the annular flow conditions 
based on the acquired signal from gas-liquid flow EIT measurement. Figure 6 shows the comparison 
between the flow image reconstructed using EIT with that of POD. The EIT-based reconstructed image 
is shown in terms of stacked concentration tomogram of vertical annular flow. On the Figure 6. It can be 
recognized a several flow phenomena typical for annular flow: liquid film, Air core, high frequency waves, 
oscillating liquid membrane (Ramos 1992) and interfacial shear waves. It is quite apparent that, the EIT 
technique can be utilised for validation of the results generated from the POD. 
Figures 4. and 5. demonstrate the extraction of flow information which characterise the EIT signal from 
dynamic point of view. Figure 6 illustrates the capability of original image reconstruction according to 
the extracted basic function with certain accuracy. Both attributes of POD techniques is utilised for flow 
regime recognition based on the developed reduce-order model (Polansky 2015) 
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Figure 3 Photography of vertical annular flow, water film instability 
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Figure 4 Vertical annular flow analyses, concentration tomogram (left), 1st POD mode functions (right)  
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Figure 5 Horizontal annular flow analyses, concentration tomogram (left), 1st POD mode functions (right)  
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Figure 6 Stacked concentration tomograms of annular flow (Vertical 2), EIT signal decomposition by POD 
 
 
4 CONCLUSIONS 
 
4.1 Experimental device 
 
Updated experimental air-water loop demonstrated the applicability for various flow regime simulation, 
up to annular flow regime. The maximum achievable gas superficial velocity, 20 m/s, is sufficient for 
developing varying degrees of annular flow, see figure 3. EIT measurement techniques FICA (Wang 
2015) is well capable to detect and recognise the typical flow dynamics of a water film in horizontal and 
vertical pipeline (see Figure 6.), although the very thin liquid film causes the parasitic concentration 
image in the core of annular flow, see variants 2 and 3. 
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However, although this increase of water concentration in the core of pipeline is unrealistic, it 
significantly corresponds to the thickness of the water film and can be used for indirect flow conditions 
determination. Subsequently, it could be remove from the EIT signal by using POD and Wavelet 
transformation filters (Gordeyev 2000). 
 
4.2 Statistical post-processing 
 
Two-phase annular flow regime recognition using any decomposition technique could be promising 
methods for EIT data post-processing (Polansky 2015). The proposed method is based on typical fluid 
dynamic structure and instability recognition on the flow measurement, which is based on POD (Laurent 
2003). The application of the method is based upon the database of typical basis functions. The 
database could be developed by multiphase flow CFD modelling and implementing the theory of 
multiphase flow instability (Yadigaroglu 2015). The proposed method is used to validate the numerical 
models based on Large eddied simulation or Direct simulation approaches (Triggvason 2005). Also, to 
test and validate the established databases of typical basis functions for horizontal and vertical gas-
liquid flow, reported elsewhere (Polansky 2015). 
A part of the present procedure is signal filtering of HW noise and noise induced by EIT signal 
reconstruction algorithm, such as a parasitic liquid concentration in core, see variant 2 and 3. In principle, 
this filtering could be as part of the POD methods. However, this can work quite well if the estimated 
different POD modes are assigned for different types of dynamic behaviour. In other words, i.e. the 
external noise and parasitic signal in the annular flow core is clearly distinguished from fluid dynamics 
phenomena, otherwise, the filtering has to be performed separately from POD. 
The accuracy of flow regime identification is depends on the frequency of the data obtained from the 
EIT. This implies that, the flow regime recognition cannot be carried out on-line according to the principle 
of the statistical decomposition techniques. The speed of flow regime recognition depends on the 
number of frames acquired from the EIT, and this number of the frames should take into account all flow 
dynamic features related to the active flow regime. Nevertheless, the method returns the preliminary 
information on regime identification, and the higher the number of frames is, the more accurate 
identification of the regime can be achieved. Further increase the number of EIT measured frames will 
apparently increase the time length of POD evaluation. 
The different POD approaches, direct (Lumley 1967) and Snapshot (Sirovich 1987) method, 
complementary to LSE (Adrian 1977) and Wavelet transformation (Gordeyev 2000), optimal size of 
snapshot matrix, the number of modes used for estimation process, signal filtering, and dependencies 
of estimation accuracy of all mentioned parameters, is the subject of the present and complex future 
study. 
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